V819 Herculis is a well-studied triple star system consisting of a "wide" pair with 5.5 year period, one component of which is a 2.2-day period eclipsing single-line spectroscopic binary. Differential astrometry measurements from the Palomar High-precision Astrometric Search for Exoplanet Systems (PHASES) are presented and used to determine a relative inclination between the short-and long-period orbits of 23.6 ± 4.9 degrees. This represents only the sixth unambiguous determination of the mutual inclination of orbits in a hierarchical triple system. This result is combined with those for the other five systems for analysis of the observed distribution of mutual inclinations in nearby triple systems. It is found that this distribution is different than that which one would expect from random orientations with statistical significance at the 94% level; implications for studying the spatial distribution of angular momentum in star forming regions is discussed.
Introduction
Determinations of the mutual inclinations of the two orbits in hierarchical triple stellar systems are rare, with previously only four unambiguous determinations available in the literature [Lestrade et al., 1993 , Heintz, 1996 , Hummel et al., 2003 , but valuable; the dynamical relaxation process undergone by multiples after formation is expected to leave a statistical "fingerprint" in the distribution of inclinations [Sterzik and Tokovinin, 2002] . In addition, well-characterized stellar multiples represent excellent opportunities to test and challenge stellar models under stringent constraints of common age and metallicity.
V819 Herculis (HR 6469, HD 157482; V = 5.6, K = 4.1) is a triple system consisting of an evolved star (G7 III-IV; this appears brighter in V and will be referred to as the A component) in an eccentric 5.5 year orbit together with a close (P n ≈ 2.2 days) pair of main sequence F stars. The close pair (Ba and Bb) is in an edge-on orbit and exhibits shallow eclipses. A combination of radial velocity, speckle interferometry, eclipse timing and light-curve fitting has made it possible to accurately determine most of the interesting system param-Send offprint requests to: M. Muterspaugh eters, including masses, radii and distance [Scarfe et al., 1994 , van Hamme et al., 1994 with accuracies of a few percent. However, until now it has not been possible to determine the mutual inclination of the orbits. The V819 Her system is listed as a chromospherically active binary in the catalog by Strassmeier et al. [1993] ; it exhibits Ca H and K emission and has been detected in X-rays [Dempsey et al., 1993] but not in radio [Drake et al., 1989] . The system is variable with an amplitude of approximately 80 milli-magnitudes. In addition to the eclipses of the close pair, the GIV component exhibits quasi-periodic variability attributed to starspots [van Hamme et al., 1994] .
A technique has been developed to obtain high precision (10-20 µas) astrometry of close stellar pairs (separation less than one arcsecond; Lane and Muterspaugh [2004] ) using long-baseline infrared interferometry at the Palomar Testbed Interferometer (PTI; Colavita et al. [1999] ). This level of precision allows us to determine the orbital parameters of the V819 Her system at the level of ∼ 3-5%, primarily limited by the quality of available radial velocities. However, because one can measure the astrometric motion of the close pair in the system, it is possible to directly determine the relative inclination of the orbits. These measurements were made as part of the Palomar High-precision Astrometric Search for Exoplanet Systems (PHASES) program. PTI is located on Palomar Mountain near San Diego, CA. It was developed by the Jet Propulsion Laboratory, California Institute of Technology for NASA, as a testbed for interferometric techniques applicable to the Keck Interferometer and other missions such as the Space Interferometry Mission, SIM. It operates in the J (1.2µm), H (1.6µm), and K (2.2µm) bands, and combines starlight from two out of three available 40-cm apertures. The apertures form a triangle with one 110 and two 87 meter baselines.
Observations and Data Processing

PHASES Observations
V819 Herculis was observed using PTI on 31 nights in 2003-2005 using the observing mode described in Lane and Muterspaugh [2004] . This method for phasereferenced differential astrometry of subarcsecond binaries is briefly reviewed here.
In an optical interferometer light is collected at two or more apertures and brought to a central location where the beams are combined and a fringe pattern produced. For a broadband source of central wavelength λ the fringe pattern appears only when the optical paths through the arms of the interferometer are equalized to within a coherence length (Λ = λ 2 /∆λ). For a two-aperture interferometer, neglecting dispersion, the intensity measured at one of the combined beams is given by
where x is the differential amount of path between arms of the interferometer, V is the fringe contrast or "visibility", which can be related to the morphology of the source, and ∆λ is the optical bandwidth of the interferometer assuming a flat optical bandpass (for PTI ∆λ = 0.4µm). The location of the resulting interference fringes are related to the position of the target star and the observing geometry via
where d is the optical path-length one must introduce between the two arms of the interferometer to find fringes. This quantity is often called the "delay." − → B is the baseline, the vector connecting the two apertures. − → S is the unit vector in the source direction, and c is a constant additional scalar delay introduced by the instrument. The term δ a − → S , t is related to the differential amount of path introduced by the atmosphere over each telescope due to variations in refractive index. For a 100-m baseline interferometer an astrometric precision of 10 µas corresponds to knowing d to 5 nm, a difficult but not impossible proposition for all terms except that related to the atmospheric delay. Atmospheric turbulence, which changes over distances of tens of centimeters, angles on order tens of arcseconds, and on subsecond timescales, forces one to use very short exposures (to maintain fringe contrast) and hence limits the sensitivity of the instrument. It also severely limits the astrometric accuracy of a simple interferometer, at least over large sky-angles.
However, in narrow-angle astrometry one is concerned with a close pair of stars, and the observable is a differential astrometric measurement, i.e. one is interested in knowing the angle between the two stars ( − → ∆ s = − → s 2 − − → s 1 ). The atmospheric turbulence is correlated over small angles. If the measurements of the two stars are simultaneous, or nearly so, the atmospheric term subtracts out. Hence it is still possible to obtain high precision "narrow-angle" astrometry [Colavita, 1994] .
To correct for time-dependent fluctuations in the atmospheric turbulence, observations consisted of operating PTI in a phase-referenced observing mode. After movable mirrors in the beam-combining lab apply delay compensation to the light collected from two 40 cm apertures, the light from each aperture is split using 30/70 beamsplitters. Seventy percent of the light is sent to the phase-tracking "primary" interferometric beam combiner which measures the time-dependent phase of one star's interferogram (fringes) caused by the atmospheric turbulence, and used in a feed-back loop to control the optical delay lines.
The other 30% of the light is diverted to the "secondary" interferometric beam combiner. In this system there is an additional delay line with a travel of only ≈ 500 microns. This is used to introduce delay with a sawtooth waveform with frequency on order a Hertz. This allows us to sample the interferograms of all stars in the one arcsecond detector field whose projected separations are within the scan range. Laser metrology is used along all starlight paths between the 30/70 split and the point of interferometric combination to monitor internal vibrations differential to the phase-referencing and scanning beam combiners. For V819 Herculis, the typical scanning rate in 2003 was one scan per second and four intensity measurements per ten milliseconds; these values were doubled in 2004. The typical scan amplitude was 100 microns. An average of 3099 scans were collected each night the star was observed over a time span of 18 to 179 minutes.
PHASES Data Reduction
The data reduction algorithm used was similar to that described in Lane and Muterspaugh [2004] , but now all astrometric fitting is analyzed with differential right ascension and declination as parameters, rather than projected separation. First, detector calibrations (gain, bias, and background) are applied to the intensity measurements. Next, a grid is constructed in differential right ascension and declination over which to search (in ICRS 2000.0 coordinates). For each point in the search grid we calculate the expected differential delay based on the interferometer location, baseline geometry, and time of observation for each scan. These conversions were simplified using the routines from the Naval Observatory Vector Astrometry Subroutines C Language Version 2.0 (NOVAS-C; see Kaplan et al. [1989] ). A model of a double-fringe packet is then calculated and compared to the observed scan to derive a χ 2 value as a merit of goodness-of-fit; this is repeated for each scan, co-adding all of the χ 2 values associated with that point in the search grid. The model fringe template is found by observing single stars, incoherently averaging periodograms of their interferograms, and fitting a sum of Gaussians to the average periodogram. This model effective bandpass is Fourier transformed into delay space to create a model interferogram. Sample data sets have been reanalyzed with a variety of model interferograms and the resulting astrometric solutions vary by less than one µas; this is largely due to the differential nature of the measurement. Note that in addition to the differential delay there are several additional parameters to the double fringe packet: fringe contrast and relative intensities as well as mean delay. These are all adjusted to minimize χ 2 on a scan-by-scan basis. The final χ 2 surface as a function of differential right ascension and declination is thus derived. The best-fit astrometric position is found at the minimum χ 2 position, with uncertainties defined by the appropriate χ 2 contour-which depends on the number of degrees of freedom in the problem and the value of the χ 2 -minimum.
One potential complication with fitting a fringe to the data is that there are many local minima spaced at multiples of the operating wavelength. If one were to fit a fringe model to each scan separately and average (or fit an astrometric model to) the resulting delays, one would be severely limited by this fringe ambiguity (for a 110-m baseline interferometer operating at 2.2µm, the resulting positional ambiguity is ∼ 4.1 milli-arcseconds). However, by using the χ 2 -surface approach, and co-adding the probabilities associated with all possible delays for each scan, the ambiguity disappears. This is due to two things, the first being that co-adding simply improves the signal-to-noise ratio. Second, since the observations usually last for an hour or even longer, the associated baseline change due to Earth rotation also has the effect of "smearing" out all but the true global minimum. The final χ 2 -surface does have dips separated by ∼ 4.1 milli-arcseconds from the true location, but any data sets for which these show up at or above the 4σ level are rejected. The final astrometry measurement and related uncertainties are derived by fitting only the 4σ region of the surface.
The PHASES data reduction algorithm naturally accounts for contributions from photon and read-noise. Unmonitored phase noise shows up by increasing the minimum value of χ 2 surface. Comparison of this value with that expected from the number of degrees of freedom allows us to co-add the phase noise to the fit uncertainties.
This method has been rigorously tested on both synthetic and real data. Data sets are divided into equal sized subsets which are analyzed separately. A Kolmogorov-Smirnov test shows the formal uncertainties from the PHASES data reduction pipeline to be consistent with the scatter between subsets. After an astrometric solution has been determined, one can revisit the individual scans and determine best-fit delay separations on a scan-by-scan basis (the fringe ambiguity now being removed). The differential delay residuals show normal (Gaussian) distribution, and Allan variances of delay residuals agree with the performance levels of the formal uncertainties and show the residuals to be uncorrelated. It is concluded that the PHASES data reduction pipeline produces measure-ment uncertainties that are consistent with the internal scatter of the data on intra-night timescales.
PHASES Astrometric Results
The differential astrometry measurements are listed in Table  1 , in the ICRS 2000.0 reference frame. In order to evaluate the night-to-night astrometric repeatability of the data, the PHASES data were fit to a model consisting of a Keplerian orbit representing the Ba-Bb center of light (CL) motion and a low-order polynomial representing motion of the A-B orbit. The minimized value of reduced χ 2 r = 4, implying either that the internal (i.e. derived from a single night of data) uncertainty estimates are too low by a factor of 2, or that the simple model is not appropriate for this system. Replacing the polynomial model for A-B with a Keplerian does not improve the value of χ 2 r (to be expected given the limited fraction of the A-B orbit covered by the PHASES data set). It is possible starspots caused astrometric jitter on this scale. The PHASES uncertainties presented in this paper have been increased by a factor of 2 to account for this discrepancy. The rescaled (raw) median minor-and major-axis uncertainties are 15.2 (7.6) and 363 (181) µas. The rescaled (raw) mean minor-and major-axis uncertainties are 19.6 (9.8) and 568 (284) µas respectively.
Potential Systematic Errors
The fractional precision of the PHASES astrometric measurements is ∼ 10 −4 ; at such an ambitious level there are many possible sources of systematic error that could appear on internight timescales. In particular, the system in question exhibits two potential astrophysical sources of measurement noise: starspots and eclipses.
Starspots
The ≈ 40 milli-magnitude variability of V819 Herculis A has been attributed to starspots. Upper limits to shifts in the CL of a star caused by star spots are evaluated with a model comprised of a uniform stellar disk (radius R) except for a zerotemperature (non-emitting) circular region of radius r tangent to the edge of the stellar disk (i.e. centered at x = R − r, y = 0). The CL is displaced by:
The non-emitting spots in this model would cause photometric variations proportional to the fractional area of the stellar disk covered:
where F o is the star's flux when no spots are present. Equations 3 and 4 provide a relationship between the apparent astrometric The uncertainty values presented in this data have all been scaled by a factor of 2 over the formal (internal) uncertainties within each given night. Column 6, φ e , is the angle between the major axis of the uncertainty ellipse and the right ascension axis, measured from increasing differential right ascension through increasing differential declination (the position angle of the uncertainty ellipse's orientation is 90 − φ e ). The last column is the number of scans taken during a given night. The quadrant was chosen such that the larger fringe contrast is designated the primary (contrast is a combination of source luminosity and interferometric visibility). and photometric shifts caused by star spots. For stars of typical radius 1 milli-arcsecond, the simplified model gives a roughly linear relationship of 0.8 µas of maximum astrometric shift per milli-magnitude of photometric variability. The largest possible astrometric shift by a star spot is given by evaluating a slightly different model. In this case, the star spot fills the (non-circular) area from the star's edge to a chord at distance x o from the star's true center. The astrometric shift is
with corresponding photometric variations of
In the V819 Herculis system, the effect of a single, cold starspot is maximally ∼ 25µas assuming a stellar radius of 0.8 mas. If multiple starspots cause the variability, this effect is reduced. In addition, the effect of limb-darkening is to further reduce the astrometric error.
PHASES Observations During Ba-Bb Eclipses
Using the published sizes and temperatures for Ba and Bb from van Hamme et al. [1994] , it is found that the magnitude of the astrometric shift in CL position during eclipse compared to what it would be outside of eclipse can be greater than 100 µas. Because this shift is larger than PHASES astrometric measurement precisions, six measurements taken during eclipse are omitted from the data tables and the fits.
Previous Differential Astrometry Measurements
Previously published differential astrometry measurements of the A-B (wide) system have been tabulated by Hartkopf et al. [2004] in the Fourth Catalog of Interferometric Measurements of Binary Stars. In several cases discrepancies were found be- tween uncertainties quoted in the original works (or uncertainty estimates omitted in the catalog); in these cases the uncertainty estimates from the original works are used. All of these measurements were made using the technique of speckle interferometry. These measurements are included in the combined fit to help complete coverage of the A-B orbit.
Many of the previous differential astrometry measurements were published without any associated uncertainties. To allow these to be used in combined fits with other data sets, the average uncertainties were determined as follows. The uncertainties were initially assigned values of 10 milli-arcseconds in separation and 1 degree in position angle. A (single) Keplerian model was fit to the data, and residuals in separation and position angle were treated individually to remove outliers and update the uncertainty estimates. This procedure was iterated until uncertainties were found consistent with the scatter. A double Keplerian model (as in eq. 8, to allow for the Ba-Bb subsystem) does not improve the fit; the measurements are insensitive to this small signal. These 22 data points have average uncertainties of 5.92 milli-arcseconds and 0.689 degrees.
A Keplerian model was fit to the data points for which uncertainty estimates were available to determine whether these were systematically too large or too small, and to find outliers. The uncertainty estimates are found to be systematically too small; this factor was larger in position angle than in separation. Upon iteration, it was found that the separation uncertainties for these 12 data points needed to be increased by a factor of 2.43 and the position angle uncertainties by 3.53. Again no improvement was seen in fitting to a double Keplerian model.
These previously published measurements are listed in Tables 2 and 3.
Radial Velocity Data
A large number of radial velocity measurements of components A and Ba from four observatories were reported in Scarfe et al. [1994] . Scarfe The velocity measurements for each of three data sets presented were fit to double Keplerian models separately to determine the average velocity uncertainties (measurements from McDonald and Kitt Peak were mixed together in the original work, and these were analyzed together as one group). As noted in Scarfe et al. [1994] , the velocity precisions for component A differed from those of Ba. Uncertainties were derived for each data set by fitting to a double Keplerian model and examining the scatter in the residuals for each component separately. The uncertainty guesses were updated and the procedure iterated. 
Orbital Models
Basic models have been applied to the astrometric data. The simplifying assumption was made that the Ba-Bb subsystem is unperturbed by star A over the timescale of the observing program, allowing the model to be split into a wide (slow) interaction between star A and the center of mass (CM) of B, and the close (fast) interaction between stars Ba and Bb. The results presented in this paper result from modeling both the A-B and Ba-Bb motions with Keplerian orbits.
In general, one cannot simply superimpose the results of the two orbits. The observable in the PHASES measurements is the separation of star A and the CL of the Ba-Bb subsystem. Because the CL of Ba-Bb, the CM of Ba-Bb, and the location of star Ba are generally all unequal, a coupling amplitude must be added to the combined model. This coupling amplitude measures the relative size of the semi-major axis of the Ba-Bb subsystem to that of the motion of the CL of the Ba-Bb subsystem. The sign of the superposition is determined by the relative sizes of the mass and luminosity ratios of the stars Ba and Bb. As an example, if the CL is located between the CM of Ba-Bb and the location of star Ba, the motion of the CL will be in opposite direction to the vector pointing from Ba to Bb. For a subsystem with mass ratio M Bb /M Ba and luminosity ratio L Bb /L Ba , the observed quantity is
where − −− → r A−B is the model separation pointing from star A to the CM of B, and −−−−→ r Ba−Bb is the model separation pointing from star Table 2. Previous differential astrometry data with published uncertainties for V819 Herculis. ρ uncertainties have been increased by a factor of 2.43 and those for θ by a factor of 3.53. In many cases θ has been changed by 180 degrees from the value appearing in the original works. Ba to star Bb. Including this coupling term for astrometric data is important when a full analysis including radial velocity data is made.
Alternatively, one can directly combine a model of the A-B system with a model of the motion of the CL of Ba-Bb. For purely astrometric data such a model is appropriate. In this case, there is no sign change for the Ba-Bb CL model, and no extra coupling amplitude is required. This solution can be used to provide a high-precision apparent orbit which can be used to compare different instruments. This model differs from the previous one in that the true semi-major axis of the Ba-Bb orbit is not a parameter, but is replaced by the apparent photocentric motion directly.
Orbital Solution and Derived Quantities
The best-fit combined astrometry-radial velocity orbital solution produces a set of parameters listed in Table 4 . The reduced χ 2 r of the combined fit to PHASES, radial velocity, and previous differential astrometry data is 1.33. This combined set has 521 degrees of freedom with 20 parameters. This value for χ 2 r is slightly higher than one would expect, but this is likely due to the manner in which the uncertainties had to be derived. All parameter uncertainties have been increased by a factor of √ 1.33 to reflect this difference. It is noted that the value for the inclination of the Ba-Bb pair of 79.0 ± 3.3 degrees agrees with that determined by eclipse observations (81.00 ± 0.36 for the synchronous and 80.63 ± 0.33 for the asynchronous solutions of van Hamme et al. [1994] ). Also presented is a table of derived parameters of direct astrophysical interest (5). A fit to the astrometric data alone does not constrain several of the orbital parameters, but does constrain apparent semi-major axes of the Tables 2 and 3 . The luminosity ratio L Bb /L Ba is for K-band observations. wide and narrow orbits to good precision: a A−B = 73.9 ± 0.6 mas and a Ba−Bb = 108 ± 8µas (Ba-Bb CL orbit). The combined fit A-Ba-Bb orbit is plotted is Figure 2 ; PHASES measurements of the Ba-Bb orbit CL motion is plotted in Figure 3 . Residuals to the combined fit are shown in Figures 4, 5 , and 6; no evidence for additional system components is observed.
Mutual Inclination
The mutual inclination Φ of two orbits is given by cos Φ = cos i 1 cos i 2 + sin i 1 sin i 2 cos (Ω 1 − Ω 2 )
where i 1 and i 2 are the orbital inclinations and Ω 1 and Ω 2 are the longitudes of the ascending nodes. From the combined orbit solution a value for this angle of 23.6 ± 4.9 degrees is derived for the V819 Her system. This low value is below the limit for inclination-eccentricity oscillations derived by Kozai Table 6 . Unambiguously known mutual inclinations of triple systems. The value for Algol is determined using the measurement precisions and values of Pan et al. [1993] for all but the A-B nodal position angle of 52 ± 5 degrees from Lestrade et al. [1993 Lestrade et al. [ ] (1962 39.2 degrees) , and is consistent with the small measured value of the eccentricity of the Ba-Bb pair.
The mutual inclination of the orbits of triple systems is of particular interest for understanding the conditions under which the system formed [Sterzik and Tokovinin, 2002] . Without both radial velocity and visual (or astrometric) orbits for both systems in a triple, unambiguous determinations of the longitudes of the ascending nodes (and thus of the mutual inclination) are impossible. To date there has only been a very small number of cases where the mutual inclination can be unambiguously determined (Table 6) .
With the tally of systems for which unambiguous mutual inclinations have been determined now at six, it is reasonable to consider the distribution of these orientations. The previous work on this subject is that of Sterzik and Tokovinin [2002] , who determined theoretical distributions resulting from a variety of initial conditions within star forming regions. At the time, the authors cited only three systems from which mutual inclinations were known, listed in a previous work by one of them [Tokovinin, 1993] . (One of these three, ζ Cnc, is most recently listed by Heintz [1996] as still having an ambiguous mutual inclination, and is not included here.) For comparison to real stars, Sterzik and Tokovinin instead included the 22 triple systems in the Multiple Star Catalog [Tokovinin, 1997] for which both visual orbits were known, but the ascending nodes had 180 degree ambiguities. To correct for this lack of information, for each system they included both possible mutual inclinations in a combined cumulative distribution (this distribution is referred to as ST). This procedure assumes the ambiguity is divided evenly between the lower and higher possible angles; i.e. that an equal number of the "true" mutual inclinations are the lesser of the two possible angles as are the greater.
In Figure 7 the continuous distribution function of mutual inclinations for the six unambiguous systems (this distribution is referred to as 6U) is plotted with ST and the theoretical distribution for random orientations (referred to simply as Random).
The two-sided Kolmogorov-Smirnov (K-S) probability for agreement between 6U and ST is 0.46; the one-sided KS probability between ST and Random is 0.07 and that for 6U and Random is 0.04. Thus, the 6U set confirms the result of Sterzik and Tokovinin [2002] that mutual inclinations are not consistent with random orientations and show a slight preference for coplanarity. The sets 6U and ST agree much better with each other than either do with random orientations, but the agreement probability is still low; this is likely due to the assumption inherent to forming the ST set by including both possible orientations, which dilutes the distribution away from coplanarity. A greater number of systems is required to better determine the distributions, and observational selection effects should also be considered.
Conclusions
PHASES interferometric astrometry has been used to measure the orbital parameters of the triple star system V819 Herculis, and in particular to resolve the apparent orbital motion of the close Ba-Bb pair. The amplitude of the Ba-Bb CL motion is only 108 ± 9 µas, indicating the level of astrometric precision attainable with interferometric astrometry. By measuring both orbits one is able to determine the mutual inclination of the two orbits, which is found to be 23.6 ± 4.9 degrees. Such a low mutual inclination implies a lack of Kozai oscillations.
Further improvement in determining the system distance and component masses will require improved radial velocity data. Given that the A component is evolved and the Ba-Bb system undergoes eclipses and hence the B components have accurately measured radii, this system may become a very fruitful laboratory for high-precision testing of stellar models. Fig. 3 . CL astrometric motion of the V819 Herculis Ba-Bb system, as measured by PHASES observations along the declination axis (left) and along an axis rotated 165 degrees East of North (equivalent to position angle 285 degrees; right); this is the median position angle of the minor axis of the PHASES uncertainty ellipses. Because the orientation of the PHASES uncertainty ellipses varies from night to night, no single axis is ideal for exhibiting the PHASES precisions, but this median axis is best aligned to do so. The wide A-B orbital motion has been removed for both plots. The error bars plotted have been stretched by a factor of 2 over the formal uncertainties as discussed in the text. The high ellipticity of the uncertainty ellipses causes neither the right ascension nor the declination uncertainties to be near the precision of the minor axis uncertainties, which have median uncertainty of 15.2 µas. For clarity, measurements with projected uncertainties larger than 200 µas are not shown in the plots. Zero phase indicates periastron passage. Fig. 4 . Residuals for PHASES differential astrometry of V819 Herculis. The error bars plotted have been stretched by a factor of 2 over the formal uncertainties as discussed in the text. The high ellipticity of the uncertainty ellipses causes neither the right ascension nor the declination uncertainties to be near the precision of the minor axis uncertainties, which have median uncertainty of 15.2 µas. Due to the roughly North-South alignment of the baseline used for most of the measurements, the more sensitive axis was typically declination. The right ascension and declination plots show only those points for which the projected error bar is less than 1 milli-arcsecond. The bottom left plot shows the residuals along a direction that is 165 degrees from increasing differential right ascension through increasing differential declination (equivalent to position angle 285 degrees), which corresponds to the median direction of the minor axis of the PHASES uncertainty ellipses; only measurements with uncertainties less than 500 µas along this axis are plotted. Because the orientation of the PHASES uncertainty ellipses varies from night to night, no single axis is ideal for exhibiting the PHASES precisions, but this median axis is best aligned to do so. The bottom right plot shows residuals along the minor axis of each measurement's uncertainty ellipse. Fig. 7 . Cumulative distribution of the observed distribution of angles between angular momentum vectors of the six systems for which unambiguous mutual inclinations have been determined. This is compared with the results from Sterzik and Tokovinin [2002] , who included 22 systems for which the mutual inclinations could only be determined ambiguously-two degenerate angles were both possible solutions due a 180 degree ambiguity in the longitude of the ascending node of at least one component of the triple system. Sterzik and Tokovinin included both possible angles in their distribution. Also shown is the theoretical distribution for random orientations.
